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The Chemokine Receptor CXCR2 Controls Positioning
of Oligodendrocyte Precursors in Developing
Spinal Cord by Arresting Their Migration
tion leads to the following model for the spatial and
temporal patterning of spinal cord myelination. Oligo-
dendrocyte precursors (OPCs) arise in the ventral ven-
tricular zone during embryogenesis in part as a result
of local sonic hedgehog signaling (Orentas and Miller,
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1996; Pringle et al., 1996). These cells or their progenySchool of Medicine
then disperse widely in response to the migration-stimu-Case Western Reserve University
lating effects of PDGF (Armstrong et al., 1991; Frost etCleveland, Ohio 44106
al., 1996) and a ventricular or floor plate-derived chemo-2 Department of Anatomy and Cell Biology
repellent (Tsai and Miller, 2001). Migrating cells initiallyUniformed Services University
enter presumptive ventral white matter, where their fur-Bethesda, Maryland 20814
ther migration is inhibited and they undergo prolifera-3 Department of Neurosurgery
tion, dependent in part on the presence of PDGF andResearch Institute of University Hospital
the chemokine CXCL1 (Robinson et al., 1998). OPC pro-of Cleveland
liferation is essential to generate sufficient cells to my-Cleveland, Ohio 44106
elinate the axons in the local environment, and once a4 Cambridge Center for Brain Repair
critical density of OPCs is reached, further proliferationCambridge CB2 2PY
is inhibited possibly through density-dependent mecha-United Kingdom
nisms (Zhang and Miller, 1996). The final local number5 Department of Neuroscience and Neurology
of oligodendrocytes is then determined by selective cellLerner Research Institute
death (Barres et al., 1992).Cleveland Clinic Foundation
Successful myelination of the vertebrate CNS requiresCleveland, Ohio 44195
long-distance migration, much of which is accomplished
by immature cells. In neonatal rat optic nerve cultures,
immature A2B5 cells migrate extensively (Noble et al.,Summary
1988), while mature O4 precursors are less motile.
Transplanted into nonmyelinated hosts, immature pre-Spinal cord oligodendrocytes originate in the ventricu-
cursors migrate extensively through the developing CNSlar zone and subsequently migrate to white matter,
(Warrington et al., 1993). Molecular substrates that sup-stop, proliferate, and differentiate. Here we demon-
port OPC migration include N-cadherin and extracellularstrate a role for the chemokine CXCL1 and its receptor
matrix molecules (Frost et al., 1996; Milner and ffrench-CXCR2 in patterning the developing spinal cord. Sig-
Constant, 1994). The major mitogen for OPCs, platelet-naling through CXCR2, CXCL1 inhibited oligodendro-
derived growth factor (PDGF) (Richardson et al., 1988),cyte precursor migration. The migrational arrest was
enhances precursor motility (Noble et al., 1988) and canrapid, reversible, concentration dependent, and re-
provide chemotactic guidance (Armstrong et al., 1991;flected enhanced cell/substrate interactions. White
Frost et al., 1996).matter expression of CXCL1 was temporo-spatially
The proliferative response of spinal cord OPCs toregulated. Developing CXCR2 null spinal cords con-
PDGF depends on synergistic stimulation by the chemo-tained reduced oligodendrocytes, abnormally concen-
kine CXCL1 (Robinson et al., 1998; Wu et al., 2000).trated at the periphery. In slice preparations, CXCL1
Chemokines (chemoattractant cytokines) are a family ofinhibited embryonic oligodendrocyte precursor migra-
secreted signaling molecules that regulate leukocyte
tion, and widespread dispersal of postnatal precursors
migration in a target-specific fashion (Baggiolini, 1998).
occurred in the absence of CXCR2 signaling. These Chemokines act through high-affinity heptahelical G
data suggest that population of presumptive white protein-coupled receptors (Baggiolini et al., 1994; Mur-
matter by oligodendrocyte precursors is dependent phy, 1994) selectively expressed on cellular targets.
on localized expression of CXCL1. CXCL1, the first CXC chemokine isolated, has a broad
range of biological functions in different tissues. Several
Introduction lines of evidence link CXCL1 to cell proliferation (Ani-
sowicz et al., 1987; Cochran et al., 1983). CXCL1 was
Oligodendrocytes produce myelin in the vertebrate cen- initially cloned from PDGF-stimulated fibroblasts (Coch-
tral nervous system (CNS) (Bunge, 1968). Progenitors of ran et al., 1983). Subsequent work characterized CXCL1
oligodendrocytes carry out a complex, precisely timed as a melanocyte growth regulatory activity and demon-
program of migration, proliferation, differentiation, pro- strated its overexpression in tumorigenic cells (Oquendo
grammed cell death, and myelination to finally arrive at et al., 1989; Richmond and Thomas, 1988). CXC chemo-
the appropriate cell number required to myelinate axons kines function in wound repair and inflammation, acting
in each region of the developing CNS. Mechanisms that as neutrophil activators, chemoattractants, and angio-
bring about this intricate process are of general interest genic factors (Martins-Green and Hanafsua, 1997; Bag-
for understanding tissue patterning. Available informa- giolini, 1992; Baggiolini et al., 1994).
Chemokine signaling has been implicated in tissue
patterning. During development, SDF-1 and its receptor6 Correspondence: rhm3@po.cwru.edu
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Figure 1. CXCL1 Inhibits PDGF-Stimulated
OPC Chemotaxis
The chemokine CXCL1 is not chemotactic for
OPCs in the absence of the PDGF, and it
inhibits PDGF-stimulated chemotaxis in a
concentration-dependent manner. Incuba-
tion in 10 ng/ml PDGF increases the number
of migrating cells, and this is inhibited by 0.5
ng/ml CXCL1 (p  0.0001). The data repre-
sents the mean SD from three independent
assays.
CXCR4 are required for formation of the cardiac septum, manner. For example, 10 ng/ml PDGF resulted in an
approximately 75% increase in the number of transfiltervascularization of the gastrointestinal tract, and B cell
lymphopoiesis. The distribution of neuronal precursors migrating cells (Figure 1). Without PDGF, CXCL1 at con-
centrations from 0 to 10 ng/ml had little effect on thein the cerebellum is partly dependent on CXCR4 and
SDF-1 (Ma et al., 1998; Zou et al., 1998) regulated number of migrating OPCs (Figure 1). However, when
PDGF and CXCL1 were combined in the lower chamber,through interactions with ephrin receptors utilizing a
novel PDZ-RGS protein (Lu et al., 2001). The mecha- PDGF-induced migration was suppressed. At 0.5 ng/ml
of CXCL1, PDGF-induced migration was fully inhibitednisms by which CXCR4 and SDF-1 govern the distribu-
tion of cerebellar neuronal precursors and the relative while neither lower nor higher doses had a significant
effect (Figure 1). CXCL1 at 0.5 ng/ml, added to the uppercontributions of proliferative and migratory control re-
main uncertain. chamber or to both upper and lower chambers, also
abrogated PDGF-induced OPC transmigration, exclud-In the current study, we address the signals that posi-
tion OPCs to receive proliferative stimuli from PDGF ing the possibility that CXCL1 acted as a chemorepellant
for OPCs.and CXCL1 in presumptive white matter tracts of the
developing spinal cord. Initial examination demon-
strated that CXCL1 potently inhibits spinal cord OPC CXCL1 Is a Stop Signal for OPC Migration In Vitro
migration and enhances cell-substrate interactions. This The ability of CXCL1 to block chemotaxis to PDGF (Fig-
migration inhibition was mediated by the receptor ure 1) could reflect abolition of a chemotactic response
CXCR2, which is expressed by spinal cord OPCs. In or inhibition of cell translocation. To distinguish between
animals lacking CXCR2, the number of differentiated these possibilities, the effect of CXCL1 on the movement
spinal cord oligodendrocytes was reduced and the cells of OPCs was directly assayed by time-lapse analyses.
were displaced to the margin of the spinal cord, sug- Laminin substrates supported optimal migration of pure
gesting that CXCL1 signaling through CXCR2 is required A2B5 cells and were used in all studies. In the absence
for normal oligodendrocyte distribution in the develop- of PDGF, little cell migration was observed, while exoge-
ing spinal cord. Further, transient CXCL1 expression in nous PDGF strongly stimulated OPC migration (Figure
the developing spinal cord was correlated with localized 2). Overnight incubation in 10 ng/ml PDGF increased
accumulation of proliferating OPCs. Reduced oligoden- the mean migration rate to 0.36 0.1 m/min, and more
drocyte number in CXCR2 knockouts reflected dimin- than 99% of OPCs migrated faster than 0.2 m/min,
ished precursor proliferation in white matter, partially with the fastest cells migrating up to 0.8 m/min (Figure
compensated by decreased cell death. In postnatal spi- 2F). In parallel preparations exposed to 0.5 ng/ml
nal cord slices, microinjected wild-type cells rapidly un- CXCL1, OPC migration was markedly inhibited (p 
derwent migratory arrest, while CXCR2/ cells or those 0.0001; Figure 2): the mean migration rate was reduced
exposed to anti-CXCR2 blocking antibodies dispersed to 0.23  0.1 m, approximately 40% of cells migrated
widely. These data suggest that focal expression of slower than 0.2 m/hr, and no cells migrated faster than
CXCL1 combined with widespread production of PDGF 0.5 m/hr (Figure 2F). This inhibition was concentration
contribute to glial cell patterning in the developing CNS. dependent, with little effect seen at 0.1 or 10 ng/ml (p
0.16 and p  0.19, respectively). While CXCL1 inhibited
OPC migration, it did not dramatically alter cell morphol-Results
ogy. After overnight incubation in 0.5 ng/ml CXCL1, the
majority of OPCs retained a bipolar morphology (FigurePDGF-Induced Chemotaxis of OPCs
2E), the leading tips continued to ruffle, and internalIs Blocked by CXCL1
motility such as nuclear translocation was not inhibited.The chemokine CXCL1 augments PDGF-driven prolifer-
ation of OPCs (Robinson et al., 1998). To determine
whether CXCL1 enhanced PDGF-stimulated OPC mi- CXCL1 Enhances OPC/Substrate Interactions
The inhibition of cell migration by CXCL1 might reflectgration, a microchemotaxis assay was utilized. PDGF
stimulated OPC migration in a concentration-dependent enhanced cell/substrate interactions. The relative
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strength of cell/substrate adhesion was assessed with
a displacement-resistance assay. Under identical condi-
tions, CXCL1-treated OPC cultures exhibited signifi-
cantly enhanced resistance to displacement forces, as
compared to controls (Figure 2G). Only 41%  2% of
control OPCs remained attached, as compared with
more than 68%  3% of CXCL1-treated cells (p 
0.0001; Figure 2H), suggesting a significant CXCL1-
induced increase in cell substrate adhesion.
CXCL1 Inhibition of Cell Migration
Is Rapid and Reversible
The migration of OPCs was inhibited within 10 min of
exposure to CXCL1. In the absence of CXCL1, less than
30% of cells migrated slower than 0.3 m/min, and the
majority (60%) migrated between 0.3 and 0.6 m/min.
After 10 min exposure to 0.5 ng/ml CXCL1, more than
65% of cells migrated slower than 0.3 m/min and less
than 30% migrated between 0.3 and 0.6 m/min. The
overall migratory profiles of OPCs exposed to CXCL1
for 10 min or overnight did not differ (p 0.21), while both
were substantially different from control (p  0.0001 in
both cases; Figure 3). The effects of CXCL1 on OPC
migration were reversible. Two hours after removal of
CXCL1, the migratory profile was not different from that
of controls (p  0.47), with approximately 48% of cells
migrating between 0.3 and 0.6 m/min. (Figure 3). To-
gether these studies suggest that exposure of immature
OPCs to CXCL1 results in a rapid and reversible inhibi-
tion of cell migration.
OPCs Express the Chemokine Receptor CXCR2
The signaling receptor for CXCL1 in other tissues is
CXCR2 (Murphy, 1994). To determine whether CXCR2
was expressed by OPCs, A2B5 cells were labeled with
anti-CXCR2 antibodies. More than 85% of cells showed
surface expression of CXCR2 (Figures 4A and 4B), al-
though with variable intensity. CXCR2 appears to be the
major chemokine receptor expressed on OPCs since
CCR1, CCR2, CCR5, CXCR3, and CXCR4 (receptors
commonly expressed in CNS tissues) were not detected
on OPCs. CXCR2 expression was not restricted to im-
mature OPCs. A majority of more mature (O4) precur-
sors expressed detectable CXCR2, as did subsets of
neurons and astrocytes. To confirm CXCR2 expression,
Western blot and quantitative real-time PCR analyses
were performed. Western blots of A2B5 and O4 cells
demonstrated a band at the appropriate molecular
weight that was absent in samples from CXCR2/ ani-
mals (Figure 4E). Quantitative real-time PCR demon-
strated that both A2B5 and O4 cell samples containedFigure 2. CXCL1 Inhibits OPC Migration and Increases Cell Ad-
hesion
(A–D) Phase contrast (A and C) and recorded migration paths (B
and D) of individual OPCs over a 1 hr period. In (A) and (B), cells,
isotype-matched irrelevant antibody (control versus mouse IgG, pstimulated by PDGF, migrate at a mean rate of 0.36 m/min. In
0.0001). Dotted lines represent the mean SD of PDGF population.(C) and (D), addition of 0.5 ng/ml CXCL1 inhibits PDGF-stimulated
Data represent pooled results from three independent analyses ofmigration and cells migrate at a mean rate of 0.23 m/min (p 
different cell preparations. Significance determined by t test.0.0001).
(G and H) CXCL1 increases cell-substrate interaction of A2B5(E) The morphology of A2B5 cells grown overnight in 0.5 ng/ml
cells. Cultures of similar cell density in the presence and absenceCXCL1 is not dramatically affected and they retain a bipolar mor-
of CXCL1 (Before) were subjected to identical shear forces, and thephology. Bars equal 20 m in (A)–(E).
number of remaining cells was assayed (After). Significantly more(F) Scatter plot of migration rates of OPCs in 10 ng/ml PDGF  0.5
cells are retained in CXCL1-treated cultures (H). Data represent theng/ml CXCL1 as well as in PDGFCXCL1 anti-CXCR2 or isotype-
mean of three experimentsSD (control versus CXCL1, p 0.0001).matched irrelevant antibody. The CXCL1-induced inhibition of mi-
Arrows indicate retained cells in (G) and bar equals 100 m.gration is reversed by anti-CXCR2 (control versus anti-CXCR2, p 
0.24; 0.5 ng/ml CXCL1 versus anti-CXCR2, p  0.0001) but not
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Figure 3. The Effects of CXCL1 on Migration
Are Rapid and Reversible
In controls, the majority of OPCs migrate be-
tween 0.3 and 0.6 m/min (median 0.33 m/
min). Overnight exposure to CXCL1 signifi-
cantly reduced the migration rate such that
the majority of cells migrated less than 0.3
m/min (median 0.22 [p  0.0001]). A similar
reduction in migration rate is seen after 10
min incubation in CXCL1 (median 0.24 m/
min), a rate significantly different from control
(p  0.0001), but not after overnight incuba-
tion (p  0.216). The effect of CXCL1 treat-
ment is reversible. Two hours after CXCL1
removal, the migrational profile of OPCs has
reverted close to that of controls (median 0.33
m/min). This rate is not significantly different
from control (p  0.474) but is different from
the rate after 10 min (p  0.0006) and over-
night (p  0.0004) exposure to CXCL1. The
data represent results pooled from three in-
dependent analyses. Statistical significance
was determined using a Kruskal-Wallis non-
parametric test.
similar levels of CXCR2 mRNA, in the range of 0.7–1.3 approximately 35% of NG2 OPCs were located in dor-
sal regions of the spinal cord (Table 1). After slices werefg mRNA. In sections of developing rat spinal cord white
matter, significant numbers of CXCR2 cells were de- grown for 40 hr with 5 ng/ml CXCL1, less than 15% of
NG2 OPCs were located in dorsal spinal cord. Slicestected (Figure 4C) and 85% of these cells were also
labeled with anti-NG2 antibodies a marker for OPCs grown in 0.5 ng/ml CXCL1 had an intermediate propor-
tion (21%) of dorsally located OPCs (Table 1). The total(Figure 4D). In gray matter, scattered neurons and
astrocytes were labeled by anti-CXCR2 antibodies. number of NG2 cells was not significantly different
in slices grown in the absence or presence of CXCL1,
possibly because of competing cell-density effects onInhibition of Migration by CXCL1
cell proliferation and survival.Is Mediated through CXCR2
To determine whether CXCL1-mediated inhibition of
OPC migration was mediated by CXCR2, migration Oligodendrocyte Development Is Disrupted
assays were performed in the presence of neutralizing in the Spinal Cords of Mice Lacking CXCR2
anti-CXCR2 antibodies. The CXCL1-induced inhibition To determine whether the absence of CXCR2 signaling
of migration was reversed by addition of 0.5 g/ml anti- resulted in alterations in spinal cord oligodendrocyte
CXCR2 but not by total mouse IgG at a similar concen- development in vivo, the distribution and number of
tration (Figure 2F). For example, the mean migration rate NG2 OPCs and differentiated (CC1) oligodendro-
was reduced from a control level of 0.36 to 0.23 m/ cytes was compared in the lumbar spinal cords of wild-
min in the presence of CXCL1, but restored to 0.39 m/ type and CXCR2/ animals. At P1, few CC1 cells were
min in the presence of CXCL1 and anti-CXCR2 (Figure present and no significant difference in the number or
2F). In the absence of CXCL1, addition of anti-CXCR2 distribution of NG2 was detected between wild-type
had no significant effect on OPC migration excluding and CXCR2/ animals. In wild-type animals at P7,
nonspecific effects of the antibodies. CC1 oligodendrocytes were distributed throughout
the developing white matter (Figure 6A). To compare
oligodendrocyte numbers and distribution, the whiteMigration of Embryonic OPCs in Slice
Preparations Is Inhibited by CXCL1 matter was divided into three regions: subpial, interme-
diate, and gray/white interface. The relative proportionTo determine if CXCL1 influences embryonic spinal cord
OPC migration, slice preparations of E14 rat spinal cord of CC1 cells was determined in each region (Figure
6G). In wild-type ventral spinal cord, 37% 5% of CC1were grown in the absence or presence of increasing
concentrations of CXCL1, and the distribution of NG2 cells were in the subpial region, 43% 8% were present
in intermediate regions, and 20%  11% were in theOPCs was determined. During normal development,
CXCL1 is not expressed in the spinal cord until postnatal gray/white interface region (Figure 6G). In the developing
white matter of CXCR2/ animals, there was a reductionperiods (Robinson et al., 1998), and at E14 the majority
of OPCs are ventrally located, populating dorsal regions of 40% in the overall density of CC1 cells in ventral
white matter (Figures 6G and 6H). The relative distribu-during the succeeding 3–4 days (Warf et al., 1991). Con-
sistent with this distribution, after 1 hr in vitro, NG2 tion of oligodendrocytes was also substantially different
in CXCR2/ spinal cord with 80%  13% of CC1cells were clustered in E14 ventral spinal cord (Figure
5A). In control slices grown for 40 hr without CXCL1, cells located in the subpial region, 12%  7% in the
Chemokine Patterning of CNS Glia
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the timely spatial patterning of spinal cord oligodendro-
cyte development and myelination.
Cell Proliferation and Death Correlate
with CXCL1 Expression and Are Reduced
in the CXCR2/ Mice
A synergistic role for CXCL1 in PDGF-driven OPC prolif-
eration has been proposed (Robinson et al., 1998). To
evaluate cell proliferation and survival in CXCR2/ spi-
nal cord, the proportions of BrdU proliferating cells
and TUNEL apoptotic cells were compared in wild-
type and CXCR2/ spinal cords during postnatal devel-
opment. CXCL1 expression was compared with the
distribution of proliferating and apoptotic cells. The
numbers of NG2 cells in the central portion of the P1
spinal cord were equivalent in wild-type and CXCR2/
mice (data not shown). At P1 no significant differences
in BrdU incorporation or TUNEL labeling were detected
(data not shown), consistent with the fact that the CXCL1
is minimally expressed at that stage (Figure 6M). At P7
the number of BrdU cells was reduced in ventral and
lateral spinal cord white matter of CXCR2/ animals
compared to controls (Figures 6I and 6J). In ventral and
lateral spinal cord, a reduction of approximately 50%
BrdUcells in CXCR2/mice was seen (ventral control,
175 20; CXCR2/, 80 18, p 0.002; lateral control,Figure 4. Oligodendrocyte Precursors Express the Chemokine Re-
ceptor CXCR2 117  15; CXCR2/, 48  22, p  0.001). Differences
(A and B) Purified A2B5 rat OPCs express CXCR2. in dorsal regions at this stage were modest (control,
(A) Labeling with anti CXCR2 antibody demonstrates expression on 70  7; CXCR2/, 63  2, p  0.06) as dorsal CXCL1
the cell surface. expression only began at P7 (Figure 6M). A concomitant
(B) Corresponding phase contrast image. reduction in ventral TUNELcells was seen in CXCR2/
(C and D) OPCs express CXCR2 in postnatal rat spinal cord white
spinal cord. In wild-type ventral spinal cord (Figure 6K),matter.
TUNEL cells (143  17) were distributed throughout(C) Anti-CXCR2 antibody labeling detected by Oregon green.
(D) Double-labeling of the same cell with anti-NG2 antibodies de- the white matter while in CXCR2/ ventral spinal cord,
tected by Cy3. In ventral rat spinal cord, white matter at P7 greater TUNEL cells (85  4, p  0.0001) were reduced in
than 85% of the CXCR2 cells were NG2. Bars equal 20 m in number and restricted to the subpial regions (Figure
(A)–(D). 6L). No significant differences in GFAP astrocytes or
(E) Western blot of pan-purified A2B5 and O4 cells with anti-
expression of PDGF-A or CXCL1 by spinal cordCXCR2 antibody reveals a band at 46 kDa (asterisk) absent in sam-
astrocytes was detected between the wild-type and mu-ples prepared from CXCR2/ animals.
tant animals at P7 (not shown). These data suggest that
reduced number of CC1 oligodendrocytes in mutant
spinal cord white matter reflects decreased local prolif-intermediate region, and only 8%  10% in the gray/
eration resulting from the absence of CXCR2 and par-white interface region (p 0.006; Figure 6G). The altered
tially compensated by reduced cell death. Such findingsdistribution of oligodendrocytes in knockout animals
are consistent with the hypothesis that oligodendrocytewas mirrored by perturbations in myelination. In wild-
numbers are regulated by competition for limitingtype animals, MBP myelin was distributed uniformly
amounts of survival factors (Barres et al., 1992).throughout the developing white matter (Figure 6C). In
CXCR2/ animals, MBPmyelin was located predomi-
nantly at the periphery of the spinal cord, and deeper Migration of OPCs in Postnatal Spinal Cord
Is Directly Inhibited by CXCR2 Signalingregions of white matter contained few myelin sheaths
(Figure 6D). In both control and CXCR2/ animals, there To directly determine whether signaling through CXCR2
regulated oligodendrocyte precursor migration in thewas only sparse labeling of MBP axons in the spinal
cord gray matter. There were no differences in the distri- postnatal spinal cord, purified P4 rat spinal cord OPCs
labeled with cell tracker dye were injected into the cen-bution of neurofilament-positive axons in the CXCR2/
spinal cords compared to controls (Figures 6E and 6F), tral gray matter of age-matched spinal cord slices. Slices
were grown for 68 hr in control or anti-CXCR2 antibody,indicating that the alteration in oligodendrocyte devel-
opment in CXCR2/ mice was not a secondary effect and the migration of injected cells was compared. Cell
migration was significantly more extensive in the pres-of altered development of spinal cord axons. Taken to-
gether, these data suggest that the absence of CXCR2 ence of anti-CXCR2 antibody (Figures 7A and 7B). In
control slices, the mean migration distance was 118causes a reduction in the number of oligodendrocytes
and a displacement of the remaining cells to the pial m, and 97% of cells were found within 200 m of the
injection site (Table 2), presumably reflecting wide-surface of the spinal cord. Thus, CXCL1 signaling
through the CXCR2 receptor appears to be required for spread CXCL1 induction during preparation of the slice.
Cell
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Table 1. Ventral to Dorsal Migration of Oligodendrocyte Precursors
Is Inhibited by CXCL1
NG2 Cells Control CXCL1 (0.5 ng/ml) CXCL1 (5 ng/ml)
Dorsal (%) 35  7 21  7a 14  5
Ventral (%) 65  7 79  7 86  5
Total cells 103.4  33.3 85.4  29.8 101.6  25.9
Quantitation of NG2 cells in E14 spinal cord slices after 40 hr in
PDGFCXCL1. In increasing concentrations of CXCL1, the propor-
tion of dorsally located NG2 cells is significantly reduced. The
data represent the mean SD from at least seven slice preparations
taken from three experiments.
a p  0.0001
In the presence of 5 g/ml anti-CXCR2 antibody, many
labeled cells were found in peripheral white matter (Fig-
ures 7A and 7B), the mean migration distance was
164 m, and only 73% of cells remained within 200 m
of the injection site. These data indicate that in postnatal
rat spinal cord, CXCR2 signaling inhibits OPC migration.
Availability of CXCR2/mice provided an opportunity
to determine the contribution of cell-intrinsic CXCR2 on
OPC behavior. To address this issue, we compared the
migration of wild-type and CXCR2/ OPCs in either
wild-type or CXCR2/ slices. In wild-type slices,
CXCR2/ cells migrated significantly farther than wild-
type cells (Figures 7C and 7D). For example, control
cells migrated a mean distance of 74 m and 78% of
cells were within 100 m of the injection site (Table 2),
while CXCR2/ cells migrated 175 m and only 42%
of cells were within 100 m of the injection site. To
determine the specific contribution of OPC CXCR2,
assays were repeated on CXCR2/ slices. As in wild-
type sections, CXCR2/ OPCs migrated farther in
CXCR2/ slices than wild-type cells (Figures 7E and 7F).
In CXCR2/ slices, wild-type OPCs migrated a mean
distance of 91 m and 64% of the cells were found
within 100 m of the injection site. These observations
indicate that the CXCR2/ environment supported both
migration by wild-type OPCs and its inhibition by
CXCL1. In CXCR2/ slices, CXCR2/ OPCs migrated
a mean distance of 244 m and only 5% of the cells
were found within 100 m of the injection. Finally, to
evaluate identical injection conditions, wild-type and
CXCR2/ cells were labeled with different dyes, mixed
together, and injected into wild-type slices. As before,
CXCR2/ cells moved significantly farther than wild-
type cells (Figures 7G and 7H). Taken together, these
data suggest that signaling through CXCR2 inhibits OPC
migration in postnatal spinal cord. These results also
Figure 5. CXCL1 Inhibits Embryonic OPC Migration in Slice Cultures
imply that the failure of OPC migratory arrest in
CXCR2/ spinal cords was largely cell autonomous.
In embryonic spinal cord slices, CXCL1 inhibits the ventral to dorsal
migration of OPCs in a concentration-dependent manner.
Discussion(A) Slice culture from an E14 rat spinal cord grown in the presence
of PDGF and absence of CXCL1 for 1 hr. The few anti-NG2 OPCs
are restricted to a focus in the ventral midline (arrow). Myelination is a critical event during CNS development.
(B) E14 rat spinal cord slice grown in PDGF but no CXCL1 for 40 Successful myelination is dependent on appropriate
hr. OPCs (NG2) are distributed throughout the ventro-dorsal axis.
(C and D) Parallel slice preparation grown in PDGF and 0.5 ng/ml
CXCL1 (C) and 5 ng/ml CXCL1 (D). In increasing concentrations of
CXCL1, the distribution of NG2 cells is increasingly ventral (V), high concentrations. The dotted line represents the sulcus limitans
with fewer cells in dorsal (D) regions. Unlike in pure cell cultures, in in (A)–(D).
slice preparation the effective concentration of the chemokine (E) Higher magnification of NG2 cells showing their OPC-like mor-
CXCL1 is broader and the response not so clearly desensitized at phology. Bar equals 100 m in (A)–(D) and 20 m in (E).
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Figure 6. Oligodendrocyte Development Correlates with CXCL1 Expression and Is Disrupted in CXCR2/ Spinal Cord
Comparison of the development and distribution of (A and B) CC1 oligodendrocytes, (C and D) myelin, and (E and F) axons in wild-type (A,
C, and E) and CXCR2/ (B, D, and F) ventral lumbar mouse spinal cord at P7.
(A and B) The wild-type spinal cord white matter (A) contains more oligodendrocytes (arrows) than CXCR2/ (B) (p  0.0001). In the wild-
type, CC1 cells are relatively uniformly distributed throughout the developing white matter. By contrast, in CXCR2/ animals (B), the residual
cells are located predominantly in subpial regions (arrows).
(C and D) The extent and pattern of myelination reflects the distribution of oligodendrocytes. In wild-type spinal cord white matter, MBP
myelin is distributed throughout the developing white matter (C). By contrast, myelin is reduced in amount and largely localized in subpial
regions in CXCR2/animals (D).
(E and F) In contrast to oligodendrocytes and myelin, no differences are detected in the pattern of axon growth in spinal cord of wild-type
(E) or CXCR2/ (F) animals visualized by antineurofilament labeling. In (C)–(F), the arrows indicate the gray/white matter interface.
(G and H) The relative distribution of CC1 cells in the ventral white matter of wild-type (G) and CXCR2/ (H) P7 spinal cords is different.
The white matter was divided into three regions (A, subpial, B, intermediate, and C, gray/white interface). In wild-type animals (G), oligodendro-
cytes were relatively uniformly distributed (A  37%  5%, B  43%  8%, C  20%  11%). By contrast, in CXCR2/ animals, the majority
of the cells were located in subpial regions (A  80%  13%, B  12%  7%, C  8%  10%). The proportion of total CC1 cells in each
region was significantly different between control and CXCR2/ spinal cords (p  0.006, n  4). Abbreviations: GM, gray matter; WM, white
matter.
(I and J) The number of proliferating (BrdU) cells is higher in wild-type (I) than CXCR2/(J) lumbar ventral spinal cord at P7, although both
phenotypes have more proliferating cells at the ventral midline (left side of figure).
(K and L) The number of TUNEL cells was higher in wild-type (K) than CXCR2/ (L) spinal cord, and the TUNEL cells were mainly located
in the subpial domain (arrows). In all cases, identical regions of the lumbar spinal cord were compared. Bar equals 100 m in (A)–(F) and 90
m in (I)–(L).
(M) Spinal cord CXCLI expression appears first in ventral regions at P2/P5 (arrows) and later at P7 in dorsal regions (arrows) correlating with
OPC proliferation. Expression declines markedly by P14. Higher-magnification images are derived from boxes in low-power pictures. Bar
equals 250 m in low-power pictures and 100 m in high-power pictures.
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control of OPC proliferation, migration, and differentia-
tion. Here we demonstrate that the chemokine CXCL1
inhibits PDGF-stimulated migration of immature spinal
cord OPCs. The inhibition of cell migration is concentra-
tion dependent, rapid, and reversible. Immature OPCs
express the chemokine receptor CXCR2, and signaling
through this receptor mediates CXCL1 inhibition of mi-
gration. The CXCL1/CXCR2 signal system contributes
to the temporal and spatial pattern of myelination in the
developing spinal cord. In slice cultures of embryonic
spinal cord, CXCL1 reduced the number of cells that
migrated to dorsal regions. In the spinal cord white mat-
ter of mice lacking CXCR2, the number of differentiated
oligodendrocytes was diminished and their distribution
altered. These alterations were not produced by insuffi-
cient numbers of early OPCs or by impaired migration
to the ventral presumptive white matter. Rather, CXCR2
null cells failed to localize in the presumptive white mat-
ter, underwent reduced proliferation, and achieved their
final numbers in part due to diminished programmed
cell death. These results add potential molecular details
for spatial/temporal patterning of spinal cord myelina-
tion. Specifically, we propose that as migrating OPCs
enter presumptive white matter, they encounter an envi-
ronment in which astrocytes transiently express locally
high levels of CXCL1. CXCL1 signaling through CXCR2
inhibits further migration and stimulates proliferation,
in concert with PDGF. These observations provide a
possible mechanism by which transient focal expression
of CXCL1 and uniform widespread expression of PDGF
regulate spatial cell patterning in the developing CNS.
In the spinal cord, OPCs arise in the ventral ventricular
zone (Ono et al., 1995; Pringle and Richardson, 1993)
and their progeny subsequently disperse throughout the
neuropil (Noll and Miller, 1993). What controls this cellu-
lar dispersal is not clearly understood. The finding that
CXCL1 was expressed by white matter astrocytes (Rob-
inson et al., 1998) during the time of migration of OPCs
into white matter (Miller et al., 1997) suggested it might
act as a chemoattractant to guide the outward migration
of ventricularly derived cells. The present studies do not
support this hypothesis, but rather suggest that the role
of the chemokine is to inhibit precursor migration while
promoting proliferation.
Although chemokines were initially defined as factors
promoting the migration of cells along concentration
gradients in vitro (Baggiolini, 1998), they often act to
arrest moving cells. For example, CXCR2 signaling is
Figure 7. The Migration of OPCs in Postnatal Spinal Cord Is Inhib-
required for the capture of rolling monocytes on endo-ited by CXCR2 Signaling
thelial monolayers in the presence of shear forces
(A and B) To determine the effect of CXCR2 signaling on the migra-
tion of OPCs in the postnatal rat spinal cord, purified labeled OPCs
were injected in to P4 rat spinal cord slices, and the distribution of
the cells was determined 68 hr later. In the presence of control
(E and F) To determine whether the migrational arrest reflectedantibodies (A), cell migration was arrested and relatively few cells
CXCR2 expression on OPCs, wild-type and CXCR2/ cells weremoved short distances from the injection site such that 97% of cells
injected into P4 CXCR2/ slices. As in wild-type slices, the migra-were within 200 m of the injection and no cells were farther than
tion of wild-type cells was arrested (E) with 100% of the cells within300m. In the presence of function-blocking anti-CXCR2 antibodies
200 m of the injection site, while CXCR2/ cells migrated exten-(B), extensive migration of the injected cells occurred and many
sively throughout the spinal cord (F) with 67% of cells farther thanlabeled cells were detected in peripheral white matter such that
300 m and 7% of cells farther than 400 m.only 73% of cells were within 200 m of the injection site and more
(G and H) To control for injection variation, wild-type (G) andthan 10% were beyond 300 m.
CXCR2/ (H) cells were mixed in equal proportions and injected(C and D) In wild-type P4 mouse spinal cord, the migration of wild-
together into wild-type slices. As above, CXCR2/ cells (H) movedtype cells was arrested with 99% of the cells within 200 m of the
significantly farther than wild-type cells (G). Asterisks indicate injec-injection site (C), while CXCR2/ cells moved significantly farther
tion sites. Bars equal 250 m in (A)–(F) and 100 m in (G) and (H).(D) with 39% of the cells farther than 300 m.
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Table 2. CXCR2 Signaling Inhibits the Migration of Oligodendrocyte Precursors in the Postnatal Spinal Cord
Oligodendrocyte Precursors
WT Cells CXCR2 KO Cells Control Anti-CXCR2 p Value
WT slices 74.33  4.07a (n  55) 175.28  20.2 (n  36) NA NA 0.0001
CXCR2 KO slices 91.61  5.22 (n  56) 244.23  8.31 (n  118) NA NA 0.0001
Rat slices NAb NA 118.67  6.9 (n  64) 164.87  7.51 (n  129) 0.0001
Quantitation of migrational distances in the presence and absence of CXCR2 signaling (cf Figure 7). Genetic or antibody-mediated inhibition
of CXCR2 signaling resulted in significant increases in migration in a cell-autonomous manner.
a Distance (in m) oligodendrocyte precursors migrated from the injection site.
b NA indicates not applicable.
(Campbell et al., 1998; Huber et al., 1991; Weber et al., motility (Chisholm and Tessier-Lavinge, 1999). Regula-
tion of neuronal migration is frequently combinatorial (Lu1999; Huo et al., 2001). During B-lymphopoiesis,
CXCL12/CXCR4 signaling retains pre-B cells in an ap- et al., 2001; Ma et al., 1998). For example, interactions
between ephrin-B and CXCR4 (Lu et al., 2001) contributepropriate microenvironment to receive marrow-derived
differentiation signals (Ma et al., 1999). In mice lacking to the guidance of granule cell neuron migration in the
developing cerebellum in a manner closely analogouseither the ligand or the receptor, pre-B cells enter the
circulation prematurely and fail to differentiate. to the interactions between PDGF and CXCL1 on OPCs.
The interplay between PDGF and CXCL1 on the oligo-The mechanism by which CXCL1 inhibits oligodendro-
cyte precursor migration is unknown. CXCL1-mediated dendrocyte lineage may have important implications in
disease. Multiple sclerosis (MS), a demyelinating dis-inhibition of OPC migration may reflect increased cell-
substrate interaction, since exposure to CXCL1 in- ease, is characterized by regional loss of myelin al-
though the adult CNS contains large numbers of OPCs.creased the resistance of cells to displacement forces.
Indeed, monocytes arrest under shear forces of flowing Why these precursors fail to repair MS lesions is un-
known. Our studies suggest that robust CXCL1 expres-blood, due to CXCL1-mediated triggering of integrin ad-
hesiveness (Huo et al., 2001). Labeled wild-type OPCs sion by reactive astrocytes (Glabinski et al., 1997; Tani
and Ransohoff, 1994) may inhibit OPC migration intoarrested their migration in either wild-type or CXCR2-
deficient spinal cord slices, while CXCR2/ OPCs failed demyelinated regions.
In conclusion, the current studies provide insights intoto arrest in wild-type or mutant spinal cord slices, di-
rectly demonstrating that migration inhibition was cell the control of OPC migration in the developing spinal
cord. Chemokines and chemokine receptors are con-autonomous. Regardless of the migratory arrest mecha-
nism, inhibited cells may be more competent to respond served throughout vertebrate biology and appear to
control an extensive spectrum of cell migration process.to proliferative signals from PDGF, and thus increased
cell division would be promoted by inhibition of cell Understanding the interplay between chemokines and
growth factors in development will promote our under-motility.
The CNS myelination phenotype of the CXCR2/ is standing of disease-related processes including neopla-
sia and tissue repair.not as severe as in vitro studies might predict (Robinson
et al., 1998). While the number of spinal cord oligoden-
Experimental Proceduresdrocytes is reduced compared to controls, significant
numbers of cells remain. This relatively subtle pheno-
Oligodendrocyte Precursor Isolation and Characterization
type is likely a reflection of the broad range of cytokines OPCs for chemotaxis analyses were prepared from neonatal rat
and growth factors that contribute to oligodendrocyte cortex while spinal cord OPCs were prepared by immunopanning
development. In particular, the neurotrophin NT3 can (Frost et al., 1996; Robinson et al., 1998); resultant cultures were
more than 90%–95% oligodendrocyte lineage cells and grown inpromote cell proliferation in combination with PDGF
N2 supplement (Bottenstein and Sato, 1979) with 10 ng/ml PDGF.(Barres et al., 1994). Since NT3 is expressed by spinal
Cell phenotypes and expression of chemokine receptors were as-cord white matter astrocytes (Dreyfus et al., 1999), it
sayed by indirect immunohistochemistry with mAbs A2B5, O4, O1,
may be able to partially compensate for the lack of and mouse anti-human CXCR2 (R&D) as previously described (Rob-
CXCR2 in the knockout animal. Alternatively, other mole- inson et al., 1998). Quantitative real-time PCR was performed using
cules such as bFGF or insulin-like growth factor may be a Light Cycler (Roche), and the uniformity of the amplified product
was verified using standard melting curve analyses. Western blotsupregulated in CXCR2/ animals. While other factors
were performed as previously described (Zhou et al., 1995). Samplesappear to be able to partially compensate for lack of
from purified precursors (A2B5 or O4) were incubated in anti-CXCR2CXCR2-mediated proliferation in mutant mice, the sub-
antibodies (Santa Cruz or Pharmingen and R&D). CXCR2 cells
pial localization of oligodendrocytes suggests that were detected in deparaffinized sections double-labeled with anti-
CXCL1/CXCR2 signaling exerts a nonredundant control CXCR2 (Santa Cruz) and anti-NG2.
of migration.
The concept that molecular inhibitors of cell motility Chemotaxis, Cytokinetic, and Displacement
Resistance Assayscontribute to normal CNS development is not restricted
Chemotaxis was assayed as previously described (Frost et al., 1996,to oligodendrocytes. Localized environmental cues also
2000) using a Nucleopore 48-well chemotaxis chamber (Costar), andmodulate growth cone and neuron precursors motility.
PDGF and/or CXCL1 added to the lower well. CXCL1 was added
Neuronal molecules such as netrins and ephrin/Eph can to either the upper well or to both upper and lower wells. Cell suspen-
act as chemoattractants or repellents while the col- sion (3.5  103–4.5  103 ) was added to the upper well, and cell
migration was assayed after staining with eosin and heamotoxylin.lapsins or semaphorins act locally to inhibit growth cone
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The results represent the mean SD from 3–5 experiments of filters/ were examined on a Nikon Optiphot microscope and images were
collected on 35 slide film rated at 160 ASA.experiment and 3–9 replicates per filter. For direct comparison be-
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